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Development in Vortex Motion Research /1

Liu Mouji and Su Wenhan

(Beijing Institute of Aeronautics and Astronautics)
Abstract

This paper briefly introduces the results of vortex motion
research in the following areas: nine types of separated flows
and boundaries of delta wings with various sweepbacks and angles
of attack at low speeds, analysis of three-dimensional separated
flow and vortex flow based on qualitative theory of differential
equations and topology, vortex breakdown patterns, experimental
study and theoretical analysis on the leading edge vortex
breakdown of delta wings, controlled separation and vortex
interference, and the displacement, rotation and recombination of

two wvortices,

Introduction
The study of vortex motion is a classic subject in fluid
dynamics., 1Its theory has already become an integral part in
fluid dynamics. 1In recent years, due to the need in developing
civil and military aircrafts, the concept of aerodynamic design
nas extanded from avoiding flow separation to utilizing

controlled separation. The emergence of slender wing, double
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{ delta wing, strake wing, nearly coupled duck wing and leading !
A
. edge vortex flap, the study of spanwise flow, the generation and

_§$' elimination of lateral.force on slender body at large attack

et

'}} angles, the study of various complex flows at large attack

;;: angles, the danger of large aspect ratio wing training vortex on

?NE the aircrart behind it, the study of rotational flow

Wh

gﬁ. characteristics of helicopters, the investigation of turbulent

) l.c

structure and its transformation mechanism, and the studies on

ok

zg{ vortex flows for non-aviation applications impose new

o) requirements on the research of vortex motion. There are many

C» papers concerning the experimental study, numerical calculation

§ .;‘ '~_.

;{E and theoretical analysis aspects of the problem. In addition,

:j; there are numerous review and symposium papers[l'el. In this

1) \5

. paper, results regarding the following problems are briefly

N

':i introduced. They are the type and boundary of leading edge

] ‘-_».: )

1§2 separated flows of delta wings, topological analysis on vortex

;) and separated flow, problems regarding the breakdown of vortices,

32 and contrclled separation and interference cf vortex.
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. I. Type and Boundary of Leading Edge Separated Flow of Delta Wing

5

N

SN A profound understanding of the flow pattern is the basis of

“} the study and design of aerodynamics. A great deal of work has

i~

1 Ya Sl

|:$ been done already[9'16]. Due to the maneuverability requirement

"o

~ at large attack angles, it is necessary to understand the £flow

1994
;1; pattern around the aircraft within the range of attack angles
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oA from 0~90° For this reason, it is meaningful to study various
‘:'!.:
‘ possible flow patterns and to understand their distinction,
;?? correlation and transition.
ﬁa We conducted low velocity oil flow and smoke line
'a':!l
P experiments for a series of sharp leading edge flat delta wings
D
" . .
‘ﬁ& with sweepback from 15~85 in the range of attack angle of 0~90°.
‘-“.:
P“f Based on these results, we obtained nine types of separated flows

- and their boundaries on the leeward wing surface.
"" ]
fl% The typical flow pattern on the lower surface of a sharp
5
e
f ' leading edge delta wing is shown in Figure 1. At small attack
Hieg?
L > angles, the left and right adhesion lines are both near the
i
'}3 leading edge. At large angles of attack, however, these two
<

4 C P . . .
?ﬁ: lines coincide in the middle at the front portion of the wing.
.
Bt

The larger the angle of attack is, the more the termination point

\-\ '_h"
{ﬁ of the coincided line moves downstream. However, they always
R : :
R remain as two lines.
\J .
Voo Manuscript received on June 19, 1984.
3ﬁ

The flow pattern on the upper wing surface varies with the /2

-
¥
[y

xS
B S

leading edge sweepback and angle of attack in a more complicated

a. -
¥ o
-

l.f

1&; manner. In addition to boundary flow, there are nine different
AN

N separated flows in total.

1T

1. Leading Edge Bubble: The shear layer dragged away due

&l

to leading edge separation is adhered to the upper wing surface

X

to form a bubble. The bubble is a viscid region which is

P o 2

{

approximately parallel to the leading edge. There is a spiral

flow to some extent in the bubble, as shown in Figure 2.
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el Figure 1. Flow Pattern on Lower Surface of Delta Wing
L2 (=76 ° «=55°)
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Figure 2, The Bubble
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2., Bubble Vortex: With increasing angle of attack, the
bubble on a medium sweepback delta wing is converted into a
bubble vortex. 1In this case, the shear layer from leading edge
separation will not re-—-adhere to the upper wing surface.
Instead, it begins to roll up to form a spiral vortex surface.
Based on observation of the spatial flow pattern, the bubble
vortex does not have a nucleus., Its surface flow pattern is

shown in Figure 3.

Figure 3. Bubble Vortex

3. Streamwise Vortex: As the angle of attack increases,
streamwise vortices begin to appear on large sweepback delta
wings in two arrays as shows in Figure 4. They more or less
follow the direction of the flow; from the leading edge to the

trailing edge. The direction of rotation on the right is

counterclockwise and it is the opposite on the left.




THTEE T TEE VAW TN TE TR TR T AT AT W T T W

4, Concentrated Vortex: As the angle of attack increases,
concentrated vortex begins to slow up on a delta wing with a
large sweepback, as shown in Figure 5. 1In this case, the free
shear layer from the leading edge separation line has already
rolled up to form a spiral vortex. One end of the vortex is
always connected to the object (at the line of separation). The
other end, however, is rolled up into a highly concentrated
vortex nucleus (which is in a free state). This nucleus passes
beyond the trailing edge to far away downstream. This phenomenon
could be clearly seen in spatial flow pattern observations. 1In
this case, the vortex from the separation line at the surface of
the object is sufficient to move along with the nucleus. Hence,
the flow is stable. A concentrated vortex is a steady vortex
flow.

5. Bursting Vorte#: At a certain angle of attack, the
vortex bursting point of a concentrated vortex appears downstream
rar away from the trailing edge. Afterward, it moves forward as
the angle of attack increases and passes over the trailing edge
to the wing surface. It moves further to the apex of the wing.
The burst vortex between the trailing edge and the wing apex is
called bursting vortex. In front of the bursting point, the
nucleus of the vortex still exists., Figure 6 shows the flow
pattern of a bursting vortex on a medium sweepback wing. In this
case, a vortex is present in front of the spiral point. Beyond

the spiral point, we see a return flow. When the concentrated

vortex of a large sweepback delta wing begins to burst, the




i

S

1):-;;.

?%I secondary separation line of the surface of the object will bend
e outward.
D 6. Spiral Flow: When the bursting point reaches the apex
S
o of the wing, the nucleus disappears completely. As the angle of
'55 attack increases, a spiral flow will emerge. The upper wing flow
™

[

;a pattern does not have a vortex. There is only a return flow with
v

ﬁg an apparent spiral point, as shown in Figure 7. Based on

S observing spatial flow pattern we know that the separated £flow c¢n
oy the leeward surface is rising spirally upward in a unsteady /3
e

ﬁ? manner near the spiral point. The vortex moment is escaping in
4 1":'-J
R an unsteady manner from the spiral point. The spiral flow is an
x
L unsteady flow.
SR

e .

iﬂ‘ 7. Reversed Flow: When the angle of attack increases

J'.‘-'.

Yo further, reversed flow will occur. 1In this case, the flow near
:Y‘ the wing surface is basically moving from the rear to the front.
2O

%)

.A§ The flow pattern on the surface is shown in Figure 8. The re-

-.N
oy adhesion point of the leading edge separated vortex is very close’
U

2 to the trailing edge. The reversed flow is splitting into two
W

" »

Ep near the leading edge at the middle of the wing; c¢ne going inward .
o
g ] .
bt and the other outward. Reversed flow is an unsteady flow.
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. Figure 4. Streamwise Vortex
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Concentrated Vortex

Figure 5.
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Bursting Vortex

Figure 6.
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Figure 7. Spiral Flow

Figure 8., Reversed Flow
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Figure 9, Completely Separated Flow

8. Completely Separated Flow: When the angle of attack is
very large, the re-adhesion point near the trailing edge moves
forward to the wing surface to create complete separation, as
shown in Figure 9. This indicates that the trailing edge vortex
has already appeared near the wing surface. This vortex may be
observed by symmetric oil flowing plate or smoke line method.
Completely separated flow is also unsteady.

9. Asymmetric Vortex: If the leading edge sweepback of the
wing is very large, such as more than 80°, the two opposite
vortices will create an asymmetric flow pattern (See Figure 10).
Based on the figure we can see that the re-adhesion line is no
longer at the center of the wing. Instead, it first intersects
with one edge and then with the other. It appears as a saw
tooth. On a large sweepback delta wing, concentrated vortex and

bursting vortex may be asymmetric.
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Based on the classification of flows described above, it is

P

possible to determine the flow boundaries of various types of

ﬁ separated flows on the (A,«) plane, as shown in Figure 11, The
o

‘.D . . s ) . . )

i major special feature is that the bursting point of any medium

sweepback delta wing is always in front of the trailing edge of

-
-
-

the wing and concentrated vortex will not appear at any attack

L L

angles. Large sweepback delta wings, however will show stable

concentrated vortex with a specific range of attack angles.

' Bursting vortex, spiral flow, reversed flow and completely

’ A

H separated flow may also occur. However, as compared to a delta
%

b

4 wing with a medium sweepback, the occurrence is delayed to a

larger zngle of attack. A slender delta wing will have an

= asvmmetric vortex, similar to the case of a slender revolving
body. From Figure 11 we can see that at a certain attack angle
(such as 15°), the spiral flow will change into a bursting

vortex, or even a concentrated vortex, as the leading edge

sweepback increases. This change from an unfavorable unsteady

separated Zlow to a favorabls steady vortex is the design of

g _(:l,_' (

i
p

contrnlled separation of slender wing.
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Asymmetric Vortex

rvoes of Separated Flow Patterns and Their
Boundaries of Leading Edge Separation of Delta
Wing at Low Velocity
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It should be pointed out that dull leading edge delta wings

have different separated flow and vortices(14],

II. Topological Analysis on Vortex and Separated Flow

Qualitative theory of differential equations and topology is
a useful 001 <2 analvze flow patterns in studying three-
dimensional separated flows and vortices. It has practical
significance in studying the separation mechanism, establishing
theoretical models and performing aerodynamic designs. Some

people call it the topology for separated flow.

13
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1. Nyjow — nodal point of adhesion on lower wing surface

2. (a) topological analysis of surface flow pattern

3. (b) topological analysis of sectional flow pattern

4. (a) upper surface flow pattern

5., typical flow pattern

6. (b) sectional flow pattern

7. typical flow pattern

Up until now, studies on separated flow based on this 6.

metnod[17-24] approximately include three aspects. One is to

study the local pattern of separated flow near a singular point.
There has been a great deal of work done in this area. The
second area is to study the overall pattern (including the
distribution of singular points over a wide.range) of separated
low. 1In this regard, topological laws to be obeyed by the
structure of separated flow under certain conditions were found.
These laws have been used to analyze the topoclogical structures
of separated flows around some simple objects (such as delta
wing, rectangular wing, semi-spherical cylinder, etc.). This
tvpe of analysis, however, must be performed based on raw flow
spectrum obtained experimentally or from numerical calculation.
The third area is to study the wvariation of the topological
structure of a separated flow with parameters (such as g4, A+ Re'
M, etc.). This is a difficult subject. Some re;earchers are
attempting to use abrupt change theory and structural stability

theory of differential dynamic system to study these problems.

To date, there is little accomplishment in this area,
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Ry
L
'gl We used the method described above to study the topological
'.-\.':'
structures of various separated flows on delta wincs with medium to

_ﬁ% large sweepbacks based on observations of flow patterns. Figure
- *‘

LSt

*E& 12 shows the topological analysis of a concentrated vortex at the
PG

I surface of the object and at its cross-section. For a simple
i;; body, the topological law for the singular points in the flow
e
;*}' pattern on its surface is Iy -I, = 2; wherel is the total

o N S N

() ‘

number of nodes and Zg is the total number of settle points. The

'ﬁfl topological law for singular points in the sectional flow pattern

I’n
i“"-,.. )
;r:": is (3¢ + 1/2Egi)-(2g + 1/2%5,) =-1, where Iy: and I are the

4 total number of seui-nodes and semi-settle points, respectively.
ﬂ: Nii1ow i1s the node adhered to the lower wing surface. The

s . .
SN analysis in the figure agrees with these two laws. Figure 13

' shows the spiral flow on a 30° sweep delta wing. From the

) I

}iy topological analysis we know that there are 13 modes (including 5
.t}: attached nodes, 4 separated nodes and 4 separated spiral points)
;J on the surface. In addition, there are 11 settle points. This
'ﬁiﬁ agrees with the topeclogical law governing the surface flow

,§;j pattern.
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i4uZz 13, Jpiral Flow on Sharply Cut Delta Wing with 5¢-
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(a) upper surface flow pattern

(b) upper surface isobars
(¢c) topological analysis diagram

ITI. ?2roblems Concerning Vortex Breakdown /7

The 3patial pattern of vortex breakdown can primarily be
classified as the spiral type and the bubble-like type. 1In
addition, other types were also found in experiments. It was
pointed out in reference [27] that the vortex breakdown patterns
inside the tube include the spiral type, the bubble-like type and

subl

[eN

the spiral tyre. In reference [30], six types cf patterns
were ooserved, 1% was pointed out in reference (25] that the
leading edge vortex breakdown of a delta wing includes the spiral
type and the bubble-like type. Based on the water tunnel

experiment reporned in reference [35], there are three types;

'3




i.e., asymmetric spiral, symmetric bubble which bursts suddenly

and gradually dissipating cone, as shown in Figure 14,

"IJ

u
[
rs
[4}]
[
o8
L]

Three Types of Vortex Breakdown Patterns
(a) spiral type
(b) bubble-like type
(c) conical type

In reference [30], the axial symmetric vortex breakdown flow
field in the tube was measured by a laser velocity measuring
technique, It includes the approaching flow area of the
concentrated vortex, the breakdown area and the wake area. The
breakdown area includes a decelerating area, a recirculation area
and an axial flow restoration area. The time averaged flow
pattern of the recirculation area is shown in Figure 15. It is a
double cell structure with 4 stationary points. The flow in the
recirculation area is unsteady. 1In reference [33], the spiral
breakdown flow field of a vortex in the tube was obtained using a

laser velocity determination method.

- T R S S et L e e e e - AT N TRt M At et Ve Am e - et

S e T A S SN T T S0 T LI T -“-w._._ .._'ﬁ._‘.;\,..i.'ﬁy Ve - ST AT m T At
AR SRS . e ta T L eV A A Bt} S BRI

e T e e e N T N s DT N T e T T T T R N




i
Pl
f‘k
2
:‘f‘ In reference [29], line of heat was used to measure the flow
?”” field in front and behind the breakdown of a leading edge vortex
:%@ of a delta wing. The radial distribution of its axial velocity
‘EE is shown in Figure 16, The distribution appears as a jet before
ff the breakdown. Downstream from the breakdown point, it is in a
Eﬁ wake-like shape. The fundamental change from a jet-like to a
iﬁ% wake-like shape can be used as a criteria to determine the
PAES breakdown position. Vortex breakdown is related to axial
:3% velocity/circumferential velocity, inverse pressure gradient,
{Eg flow tube expansion angle and Reynolds number. Its theoretical
Re analysis is more or less based on the dynamic instability of the
';ﬁ £luid, quasi-cylindrical approximation and finite transition
,ﬁg theorylzsl. These theories, which were originally proposed in
;J: the early 1960's, have been further developed. However, we still
i& do not have a unified vortex breakdown theory to be recognized
:}E all over the world. 1In reference [31], the axisymmetric vortex
ijh oreakdown in a uniform flow was studied by the numerical
Lé& integraticn of the Navier-Stokes equation. 1In some references,
'ég the breakdown theory is combined with solving the flow field B
;%f outside the leading edge vocrtex nucleus for analysis. For
S;; example, in reference [32], the theory of dynamic instability of
:ﬁ the fluid was combined with the non-linear conical flow theory to
ﬁi analyze and calculate the leading edge vortex breakdown of delta
?i wings. A comparison of these results to the experimental ones is
'%& shown in Figure 17. In the figure, K is a velocity tyre of
‘Q varameter. Based on the result obtained from the dynamic
3
el
83
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instability of the fluid, it is unsteady when R<l.,16. Based on

the figure we see that the theory agrees with the experiment for
delta wings with small aspect ratios. Vortex breakdown of delta
wings was also investigated in reference [34].

The breakdown point of the leading edge vortex moves
upstream as the angle of attack increases, until reaching the
apex of the wing. The way the breakdown point moves upstream is /8
related to the planar shape of the wings[35] as shown in Figure
18. For slender wings, when the breakdown point moves across the
trailing edge upstream, it travels very fast. Then it gradually
slows down. For strake wings, however, the breakdown point also
moves very fast when it passes the trailing edge of the wing and
then it slows down. But it begins to move fast again after
passing through the inflection point at the leading edge. Then

it slows down again. It is a non-monotonic variation.
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Figure 15. Double-Cell Structure in Recirculation Zonel3




|
Distribution of Axial Velocity Before and After

. -}
] W €I
~ neoa . w
N oo ~ 4 ..W. —
LI Y o
. . AN ~
=
f;’fl/ ~ | 3
o
2 - KV
4 2 o
.0 _ > [
ﬁﬂs . H 1= N T
R ! m ..
< 8D ‘ W o
> > Q -~
- - [ — M
)
| ¥
le] o o
> AN
(Ve
—
[}
1 3]
3
o
o
oy
..» ' RS 7 -.-.\.-.....\.\-.- R R T T TR e P e WYY Y Y Y
LI AU a q " . oot -8, f 1 . o P 1, LML
,\.‘.l.i.\._!-h_.-a - n.v-\mf .-J, -_.-. Tatat .Ifu L A \.\.--‘b- . v-..af-.\.--u-.$.u‘,_.-.4---.‘-%?.\~u--m~v . -/-.. LA ..-I -(L




Yy r
oy

E3

srrterins

Y R 2

.

.o-s

T4

-

]

il

.

-
[ DI

v

Iy
e e st ]

i LA S

s »

.“,‘;'\"-")‘1‘\.

DAL A
» ' % Y e

@

Figure 17.

a
50
404
30 2
TRURA
20t a5 FRAER
i K=0.8
MR K=1.18
1 2 3 4

Theoretical Stability Boundary and Experimental
Ranges of Vortex Breakdown in the (A, «) - plane[32]

stable

unstable

vortex breakdown observed experimentally
stability boundary

B W
L] [} .

22
""-('J‘!))J'/-."-"f. T . o
Pt (RA SN R . e e,
X N X X ‘..A_LAAKA_‘ A.fL'LQ‘\ {A. LN r_\--k.\.t‘{_"-{"’\ gas{p.\'-'.“;.‘ P

RN |




4
' 4

4
o 2%a

’
* P ISR

Do gk ?,

e
. e

vy
! '."'. LA

Al
s

LRI e Y

3 > RS ;n e

Iy
ARSI

D S

Figure 18. Comparison of Movement Pattern of Strake Wing to
Slender Wing

IV. Controlled Separation and Vortex Interference /9

A controlled sevaration is a separation which is capable of
cenerating a free vortex layer and rolling into a stable vortex.
It was pointed out in reference [36] that better aerodynamic
designs might be obtained by creating and utilizing such
separations. The concept will have a profound impact on
aerodynamic research and design in the future. At this moment,
the creaticn and utilization of controlled separation has already
become one cf the important issues in the aerodynamic design of
fighter aircraZlt. Slender wings[37'50], strake wings[39'44],

double delta wings[45'46], nearly coupled duck wing[38] and
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spanwise blowing[47'49] are actual examples in creating and
utilizing controlled separations. It is obvious that the key is
to create and maintain a stable concentrated vortex on the wing
surface within a range of large attack angles. Based on Figure
11 we know that this can be done by using a sharp leading edge
delta (or slender) wing with a large sweepback, such as the
Concord wing. However, due to the requirements in subsonic and
transonic performance, some aircrait must have medium sweepback
and medium aspect ratio wings, It is impossible to create a
stable concentrated vortex by itself. At large angles of attack,
it can only create unsteady separated flows such as bursting
vortex, spiral :low and reversed flow. To this end, we can add a
large sweepback strake to its front end to form a strake wing
{such as F~16 and F-18 wings). In addition to the direct
contribution of the strake vortex (a stable concentrated vortex),
the favorable interference. of the strake vortex on the external
flow £ield also has an important effect on the significant
improvement in performance of strake wing at large attack
angles[43'44]. We can also see that controlled separation is -
closely related to vortex interferencel31l,

The following is a discussion on the interferences on the
wing, including the interferences between a concentrated vortex

and other types of separated flows as well as the mutual

. interferences among vortices. Due to vortex interference, the

LSRR

P
0
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types of separated flows may change. The stability of vortex may

-

.y

P«

also vary. For instance, a strake vortex can essentially convert
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a;r a reversed flow or spiral flow on the wing to a bursting vortex
)
?” to move the breakdown point of the bursting vortex downstream.
;jg It may even turn a bursting vortex into a steady concentrated
07
;Rﬁ vortex (provided that the strake vortex is strong enough). Based
o .
AN on Figure 19 we can see that when the angle of attack is 14° the
'l. ; . .
5*5 vortex breakdown point on the basic wing is near the apex of the
9'.
‘ﬂﬁ wing. A reversed flow occurs on the surface. The effect of the
"’.
A strake vortex, however, is to move the external wing vortex
o breakdown point downstream. It seems that this is primarily due
u-‘_
jj{ to the fact that the spanwise component of the external wing flow
oS
il velocity is increased because of the strake vortex which leads
L;f the external wing flow field toward the outside. This is
-
- . %
ﬁf beneficial in strengthening the stability of the vortex to delay
" the breakdown,
.
5
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Figure 19, Flow Patterns on 30° Sweep Wing and 76 °/30° Strake
Wing
1. strake vortex
2. external wing vortex
3. breakdown vortex
25

. .,:_‘.‘.‘ - .-.-..-_.. AR SR P WA
S -

. , N e L T e e e et AN
R N A e Ny e OO AR ONY. |
fomialon : el L N S A R A S K




!{::‘h:
.. <
daid

‘s§\‘

b3S

RN The mutual interaction of two vortices of the same direction
) of rotation will lead to displacement, coalescence and

1}5 consolidation. Displacement means that the relative position is
-t_.:-

A% becoming closer or changed. Coalescence means that the two may
f? coalesce in a spiral form around each other. The specific form
&f depends on the relative intensity of the two vortices,

Yk
- Consolidation means that the nuclei of the two vortices are

. mingled together. 1In this case, these two vortex nuclei may

Mg =
AN become one, They also may exist individually. Whether two
LN

" . . 3 1]
?:f vortices of the same direction of rotation can coalesce depends
oy
gl on the distance, vortex intensity ratio, size and structure of
NS

S ] :
o the vortex nuclei, and the angle between the two vortices.

1%"

o The coalescence of forward panel vortex and rear panel /10
18

vortex of a double delta wing is shown in Figure 200451, First,

et
g\" a concentrated vortex is rolled up at the leading edge of each
»
iﬁg' panel. With increasing angle of attack, the two vortices begin to
"A '
7{ coalesce and then consolidate. It is reflected on the surface
A d

TN
:»: flow vattern as the secondary separation lines of these two

5 vortices coincide. The point of coincidence moves forward with -
£

b increasing attack angle. Within the range of where the angle of
h \‘:’
‘?&j attack is not large, it has already reached the inflection point.
;Q The coalescence of these two vortices has been observed in

3%

@ various wind tunnel and water tunnel experiments[zsl.

P

'

e Furthermore, it was verified by spatial flow field

o

z; measurements[46]. The coalescence of these two vortices

. strengthened the stability of the rear panel vortex, delaying its
7L

I-::.

o

0

%
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breakdown. On 2 strake wing, the two vortices only get close

to each other and no coalescence takes place. This is because

the angle between these two vortices is wverys large. Turther~
mor=a, +the outer panel vortex is a bursting vortex. Tnia2r the

i . . . (43) : e 0F -ne
condltion of svanwise leading edge Jet , the coalescence oI =I=

leading =dze ‘e% vortex and the outer nanel vortex occurs, as srown

f;ﬂ

.
l".ll' '\

20, Mutual Interacticn Between Front Panel and Rea:s
Panel Vortices of 73°/57° Double Delta Wing

m
’—l.
19
e
ry
i}

(a), (b), (c) surface flow patterns
(d) coalescence of two vortices
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Figure 21, Mutual Interaction Between Jet Leading Edge
Vortex and Outer Panel Vortex of Leading Edge
Spanwise Blowing Wing
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Application of New Type of Pole Collocation Equations to /13
Determining Laws Controlling A Bi-input Multi-output System

Nanjing Aeronautical Institute Lu Shuguen
Abstract

In this paper, pole collocation equations for a bi-input
multi-output system are derived. They are different from those
commonly used in form. A property of these equations is proved
to be able to better control the accuracy of the collocation of
each eigenvalue. Numerical examples showed that the accuracy of
poles cbtained by this method was significantly better than that

cbtained by the "rank one controller”.

I. Introduction

Pole collocation can be used to determine laws governing
active flutter suppression[l'3]. In the study of active flutter
suppression of YF-17, in particular, the control laws were
determined by the least square method (which is also based on
pole collocation). Furthermore, it was successfully verified in
wind tunnel experiments[4]. This shows that pole collocaticn is
a simple, practical and effective method.

The pole collocation method, however, still has some

problems when used to determine the control laws for a bi-input

multi-output system.
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1. Under the condition that the feedback is not completely

available, how can we collocate the eigenvalues which have a
determining effect on the stability of the system, to the extent
possible, according to the projected requirement? Presently,
methods mostly used a polynomial s formed by eigenvalues. Then,
the coefficients of the polymomials are fitted. However, each
coefficient is related to all the eigenvalues. Eigenvalues with
large modulus often have a determining effect. The modulus of an
unstable eigenvalue, however, is not necessarily large. Hence,
there is a considerable error in its collocation.

2., How can we better determine the control laws? The "rank
one controller" can be used to determine the control laws for &
bi-input multi-output system[3]. However, it is required to be
proportional to the feedback coefficient of the two inputs.
Consequently, its effectiveness as a multi-output control system
is affected.

In this paper, the eigenvectors of the matrix of the system
are used to establish the collocaticn equations for each pole.
Furthermore, the property of the equations is verified. This
property is used to improve the accuracy in controlling the
collocation of every pole.

A two-dimensional airplane wing with front and rear control
surfaces was used as an example to perform a numerical
calculation., The results showed that under the condition that

the feedback is not completely available at the output, the

33
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results obtained by this method are much better than those

ocbtained by using a "rank one controller"”.

II. Pole Collocation Equation
1. Pole Collocation Equation
The equation of state, output equation and feedback equation

of a closed system (See Figure 1) are

Manuscript received on July 28, 1983,

Figure 1. Block Diagram of the System

where {X} is the state vector, {u} is the control vector, {Y¥Y} is
the output vector, [F] is the dynamic matrix of the open-loop
system, {G] is the control matrix. ([H] is the output matrix, and
[C] is the feedback matrix. The symbols in the parentheses

underneath are the orders of the matrices.




g "
R
L

S

- e

Under the multi-output condition, {u} must satisfy
{u} = -(Cl{H](s[I]-[F])~L(G]{u} (4)
The condition for {u} to have a non-zero solution is

(1] + [Cl(El(s(I]-[F)7L[G]| = 0O (5)

Under the bi-input condition, it can be expanded into

A

1= C CHUF
T HILUF 5 i T I S (6"

In the above formula [C;] and [C,] are the first and two
rows of [C], and {Gl} and {G2} are the first and second columns
of {G}. [F(s)] = (s[1]1-[F])"1,

Let us assume that the eigenvalue matrix for an open-lcop

system is [,]. The left and right eigenvectors are [Q] and [P].

Then
[F] = [P][allQ] (7)
o1 = [ey! (8)
[F(s)] = [P](s(1]-1 1)71(0] (9)

In this paper, [P] and [Q] are chosen to be complex matrices
and {A] is the corresponding complex diagonal matrix,.

Thus, the pole collocation equaticns of a bi-input multi-
-output system are:

(1) If the allocated pole AL is not equal to any eigenvalue

of [F], then

1 - - » M . - .
Lo, F ’ . - AP - . o
~ s M (10)
—_ ‘(’;:' /1‘ % . =)
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In the above equation, the superscript T represents the
transpose.

(2) If the allocated pole A; equals an eigenvalue of

[F]l then
S I (11)
. w ‘ ; ,
- C‘::t . ) ; -
(Ps] is the 3*P column of [P] and [Q4] is the 3*P row of [QI. a; /15

i
* _
=Ay=4, [Gl= {G1} [Gyl- {Gp} [Gq].
The derivation of equations (10) and (1l1) is in the
appendix.

2. Property of Pole Allocation Equation (11)

1f the pole A: collocated is egual to an eigenvalue of |
%, and if the pole of the corresponding closed-loop system %
obtained is Ay, then there is a finite error B4,
A= AT=30=Ag v i) (12) !

then

{13)
f(Kt)k—A.\;.‘:""\'A'xi'*i.kwl)

The expression for £4'g) is equation (11) and onlyffk is used to
*

replace ﬁko. Its proof is shown in the appendix.
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Equation (1l) is weighted based on this property to improve
the accuracy because when all the feedback is not available at
the output the least square method is required to solve the
problem. The modulus of the eigenvalue of [F], however, may be
very high. Thus, if not weighted, the errors of some eigenvalues
of small modulus are often high. The real part of the
instability eigenvalue, however, is usually not very large.
Hence, the accuracy of the eigenvalue of most concern cannot be
ensured.

Equation (11) can be weighted by using this property. For
instance, the real and imaginary part can be weighted by l/wj and
l/‘ﬁ' respectively. This requires that the sum of the squares of
the relative errors of their real and imaginary part be
minimized. Thus, the accuracy of each root is appropriately
assured.

It should be pointed out here that it is generally required
that the original stable eigenvalues remain unchanged under a -
given design when poles are collocated. Therefore, the pole
allocation eguation usually has the same form as that of equation
(11) . In addition, it has been demonstrated by calculation that

the above weighted method remains effective even when the poles

allocated are not equal to the original eigenvalues, but the

- r W
[ Y
Py}

P relative change is not very large (such as + 10%).
E? As for the pole collocation equation (10), it is possible to
Eﬁ determine whether it needs to be weighted based on the results,
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If the unstable eigenvalue is w:*i.;, then it is required to be
allocated as -u*i.. Then, the absolute error of the real part of
the equation is equal to ERPRE With regard to the two examples
in this paper, « 1is larger than 1, which indicates that the
weighted factor is larger than 1 for this error. Due to the fact
that this eigenvalue affects stability, a larger weighted factor
should be chosen to ensure its accuracy.

The pole collocation equations and properties derived above
are also valid for a single input system. The specific form,

however, is slightly different.

ITI., Examples
The Control Law for the active flutter suppression of a two-
dimensional wing with front and rear control surfaces is
calculated. The two-dimensional wing is shown in Figure 2. Its

parameters are
x,=0.2, x3=x.=0.0125

ri=0.25, ri=r}=0.00625
=96, d=-06 o=-0.4
c =9.0, d 0.6 | (A)
== S w =00 T s = =721 s
™, -
= = = —. =1
=S T = e o} l :‘(DO' 0

The meaning of these symbols are shown in reference [5].
When there is no control, the flutter velocity of the two-

dimensional wing is Vp = 290m/s.
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Figure 2. Two-dimensional wing

Let us assume the designed velocity is V = 320m/s. It is
required that the stable eigenvalues obtained without control
remain unchanged and the real part of any unstable eigenvalue has
an opposite sign under this condition. When h,a , ﬁ ando' are

the output parameters, the control law is

v

r—i.l‘JiT 0.3746  —.92330  —9.202232
i

L

1.3230 =032 BRI 0. 303367 ]

According to the design, the unstable eigenvalue is required
to be collocated to be -8.324+ 69.173 i. 1In reality, it is
collocated to be -8.089 + 68.631 i. The error of the real part
is only 2.83%. The error for the remaining stable eigenvalues are
generally less than 5%. In some individual cases, it reaches
14.4%,

The open-loop and closed-loop root locus diagram is shown in

351.2m/s.

Figure 3. 1Its closed-loop flutter velocity is Vg
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Figure 3. Open-loop and Closed-loop Root Locus Diagram of
L Example 1

o 1. with control
o ) 2., without control
- For example 2 in reference [3], the control law obtained by

o the method derived in this work is:

P F—n gt —o aTgus —0.0033839 0 — 00002231 7 (A)
w ¢ = '

- =0 use =0 067 —0.003035 —0.002543 .

L3
o

)

Based on the design, the unstable eigenvalue is required to

_<ﬂw.,.,
SARATAAAL 4

be collocated to be -1.851 + 60,375 i in both reference [3] and
in this work. 1In reference [3], it was collocated to be =-0.545 +

59,341 i, The error of the real part is 70.6%. In this work,
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‘\-::-n
"3\:: it is collocated to be -1.764 + 60.312 i, The real part is
:«':.

Y merely 4.7%. The maximum error for the remaining stable

Vo . . . .
eigenvalues is 6.5% (and in reference [3] it was 3.9%). Due to
..:;Z:: the fact that the unstable eigenvalue has a large impact on the
o

!“‘ » . . o

VN phase and gain tolerance, the results obtained in this work
o Ln

{-}j showed much improvement over those reported in reference [3].
N The closed-loop flutter velocity, however, was 333m/s in all
Yo .

' cases because another branch showed signs of instability. The
.... 13 » 03 . »

R root locus diagram of some main branches is shown in Figure 4.
N
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- IV. Conclusions
'*ﬁ
S 1. Each pole collocation equation derived in this paper
' b‘.~l
FiL corresponds to the real or imaginary part of each pole, 1In
YW
fké particular, the equations derived in this paper can be weighted
'n.!.
Y so that the relative error of each pole would not be too
’ - - ~\h
‘ﬁx different. This feature ensures the accuracy of the eigenvalue
-y \ ‘
:;Ii which is of most concern. Besides, in the method used in this
1‘" o
work, unlike the "rank one controller"™ which puts constraints on
}; the feedback coefficients, we can change all the feedktack
N
-ﬁ:j coefficients arbitrarily. This also makes it easier to collocate
Hadi
iﬂl the poles., The results obtained with examples showed that the
1iﬂ: control law derived from this method are much more improved thnan
e that obtained with the "rank one controller".
) 2. The pole collocation equations derived in this work and
kﬂ; the characteristics can be used in single-input cases.
e .
-t 3. When the relative change between the required pole and
)
() the original pole is not too large, the property of the eguation
&Qﬁ mentioned above is still approximately valid.
o -
e
; Appencdix Derivation of the Pcle Collocation Equaticons
‘A
H&i A Under bi-input situation, the conditions for {u} to have a
Sy *
gﬁi non-zero solution is equation (6). If the collocated polei is
1A *
Q'; not equal to the eigenvalue ¢of [F], then we can use s = Ay to
SRS
;?: plug into eguation (6). After expansion, we get
o |
A . ~ . 18
i i *.( . [{F' l\: ’: ‘_(,.:‘ [{ f “.,‘ 'I‘:, /
= !
o = = CTHF Ny L G =G G s N LT L =0 (Al)
L. ) T
i - ".
e
-,-":'l
; .-_:.
o,
: 42
7
.'-‘..'f
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Equation (Al) is equation (10).

*
. If the collocated poleA p is equal to an eigenvalue? 3 of |

* -
(F]l, then (A [I]-{4]) 1 is singular which needs to be treated.

..
LIS
v

l.l'l
A G Y Yy

) If we note

Then equation (A3) can be plugged into equation (7). After we

C) expand it and multiply it with S’ﬂ’ we get
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When 5=y is a small quantity, two terms in the above formula are

of the order of (s- &)'l.

]
-

[ :_(“ . [./ ! ',‘\‘ ( R { ';: . ;\ /:‘6)
Ty S S R R L P (A7)

But, I;-I,=0. Let s-Aj-*O. Thus, we can omit terms proportional

to s-xg and obtain the following egquation.

' = [T E - N (s
- \ " i i ‘.
) T o=
P _ (A8)

Equatiocn (A8) is equation (1ll) in the text. /1

In the following, we will prove the property of equaticn
_*
(A8): i.e., if the closed-loop eigenvalue obtained A, is not
equal to Ak, then there is a not so large =2rror.

(A9)

e

VA= N ’i,\"u:;\." '

(A10)

However, we still start from equation (AS) and substitute s

— +
=)y into equation (A5). Furthermore, we note that A = Ay
o)
1 hred * . .
le€ey S—pAy = L =0y = " . Then
J LXK ]
T e T, .'-:'_:\.}:.: RN .:{\’«.,?;_,;:); z~i".'_"-<:".:~".'-‘-‘_" L R ::--.. ‘_:;F.\-_._;..‘ s

9
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It is proven before that I;-I5 = 0. In addition, éﬂj is a small

quantity. ~Ffurthermore, in an elastic aerodynamic system, the two
*
eigenvalues are generally not very close. This means that !Ak—Ai!

SN is relatively large. Therefore, AA.

oA - J« << BA,
N K™ ]
i Thus, it can be neglected. Similarily, AAj

- (o= S
"' . \Nk --l) ( K l)
e terms can also be omitted., Thus, the remaining terms are

\

= Therefore, (Al2)

oy F/ A= — AN == A+ 1Aw))

The examples we calculated showed that this property exists.
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las« 20 years, varicus mathematical mcdels navs
ed for the apolication in CAD/CAM. However, as indi-

cated in reference [2], severzl models are inconvenient 1n
D o

r may create2 unexpected surface distorticon or bDulj2.
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Abstract
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: A method of the surface fitting of three-dimensional bodies is pre-
XY . . By ' . .
s seniel :n otius paper. Toe iongiiudinal lofting curves are a chain of coenics
B\~ . L . . , ,
K Jenaraied Ly che least squure {itting. -vhereas cross-sectional curves are
[\ "~ . . . PN v - . . .

] yorid fleeded conics which coataws circular  arcs. ediptic ares  and
strzight limes. A FORTRAN program invoiving the computer graphics on

_" the STENENS T.750 computer has been written. The program is capable

- of quick and handr generatiun of the complicated configuration of 3-D

- Dodres and suriuce meshes rejuired in tne aerodynamic tafiuence coeflicrent

7 methad. The wypoiocabiling a: validity are verified by some aumerical
). exanples. Further development of the program ernables it to be a graphic

:: Taster climens.onal sysiem for cnmoeier o gndel design.
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¥ . INTRODUCTION

L

i

v GCeneration of surface meshes 1s necessary in carrying out
v . . . .

- aerodynamic analysis or stress analysis of an aircraft [1]. In
-t

- these analyses, a mathematical model of the surZace configurat:ion
q 0f the aircraft is generated first and then the geometric charac-
o teristics of the meshes are calculated.
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In the early stage of the numerical aerodvnamic calculaticn de2l-

oped 1n foreign countries, the interpolation tachnizue nas Zeen

}a
O
13
o]
o
[N
'..
I
T
P
1
3
n
)
Y

usad Zor poth longitudinal and the cross-secticnal direczio:
Zor the lecngitudinal diracticn only counlad with the aralvtica
technique [3] for the cross-sectional direction to generate the

body configuration. The requirement of large amounts of data

-1
(&

inzut and poor accuracv of fitting are the problems. In the 's

1)
)

P
pe

(1]

F. R. deJarnette has oroposed the use of a chain ©I conics ge t
S

M

n
bv the least sguare fitting for the cross-sections, whereas the u
of longitudinal lofting curves of conics fit the surface oI the
3-D body [2]. Since the analytical calculations are used Zor becth
longitudinal and crosswise, 1t has eliminated the problem of
interoolation. This method can be used to generate complicated
configuration. However, since the longitudinal calculaticon and
the crosswiss calculation should be carried out alternatively, the
connecticns 0of the longitudinal lofting curve sections are not
smooth. Other programs developed by S. H. Stack and othersfil for
arbitrary 3-D bodies are based on the assumption that the lofting
curves are formed bv a chain of elliptical curves in both longi-
tudinal and cross-sectional directions. This numerical model 1is
simple, integrated and can quickly generate the configuration oI a
complicated body. It nas been aprlied in the development of the

X=24 aircraZt. The main zroblem 722 this model is <hat 1t n=se

[OR

3

"

th
th
0
&
b
ct

to Input the "control coints for the slopes" which are diffi

(@]
rt
[N
o1}
ct
[a¥]

to be detsrmined and, thereifors, calls for large amounts
inputs and calculations. In the 70's, a methed was developed 1in
our country using the technique with generating lines and center
lines and has been applied in various aricraft design. However,

this method is unable to generate complicated configurations, such
as a ccmbined bedy with wings attached. advanced numerical mccdels
cdern aircrafs design and aerodvramic analvses,

ir2 needed in the

:3

In
ct
o
ot
D
(v
[
[
2]
7]
3
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We have develorned a method to fit the surface o

¢

ranc=s [2,4]. The methcd Juarantees

~
th
W

=

sional bodies based on

the continulty and 13 s31moele, iulck and easy to e used for looal

te

surface modificati~n ani mesh partitions. In this metnod, the
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longitudinal lofting curves are a chailn of conics zenerated oy
the least sguare fitting, whereas the cross-sectiocnal curve

obtained by hybrid eklending circular arcs, .elliptic arcs and

.

straight lines. After the configuraticn of the 3-D body is gen-
erated, the geometric characteristics of the meshes are then cal-
culated as needed by the aerodynamic influence coefficient method

i5].

In addition, fecr the convenience of analysis and checking,
a computer graphic program is included in the method. The rrogram
can be used to plot the 3-D figures, side views, the longitudinal

lofting curwes and the cross-sactiocnal curves.

1]

=
—
.

g
6))]

NALYSI

In body desicn, several points, control lines and tangential
data should be determined according to the design reqguirements.
After the body is fixed, the configuration can be determined bv
the theoretical diacgcram and the threse side views or by the measure-
ments of the real cbisct. We have chosen several refer=nce colints
on a groug O0f the cross-sectional contour, such as ton avex,
bottom apex, intersection ooints and widest noints, =tc., as the

a

bases to gereraz2e the ~oniigur

tion cf the body. Since the cross-
secticn of the body is symmetric, it 1s necessary to £it only hal:
oI the confiiguration. in Our conven=ticon, the cocrdinates °I %he
given ooints (data points) on cross sections are fed into the
computer starting from the top apex and then to the points clock-
wise of the right half of th2 body. Since the configuration oI
the bodv is complicatad, 1t 1s necessary to divide the body into
several sections along the longitudinal direction. FEach section

"

nas "szimilar" cros3s-secticns whlch have the same number 52 data

zoints and the same characteristics of curves (1.2

.
~
]

the ¢ ascutive data of the 2oints on seguential sross-sections
e consL2Ccut 2 o - :




Yﬁ:ﬁlkTSQ
IR BEATR
3% RRKEEK
R, TESA

- XEX

- eference cocrdlnate system and longitud_ ...,
~CIZLZiInd Ccurves
l--first section; 2--second section; 3--NB-th section;
4--NOTE: curve 1l: curve at top apex; curve 2: canopy curve;
curve 3: curve at maximum width; 4: curve at bottom apex;
—o0—data roints

data points on each lofting curve is the same and anv two curves
T

hﬁ: may overlap (as shown in Figure 1l). The least square fitting of
‘Sﬁ a chain oI :oonics 1s then carried ocut for the projected curves
;Fa of each lofting curve on the XRYR and KRZR surfaces. i
b For example, data points kX =1, 2,..., Nkoare s2t up on the
Zkg front view projection curve of the longitudinal lofting .curve.
’?Eﬁ The control points J =1, 2,...N+1 can be determined according to
‘;; the curvature of the pvrojection curve. It is assumed that the
:E{ centrol points coincide with =he data points having the correspond-~
i;ﬁ ing numbers X., K”""KW+? and the curve between two consecutive
s?% control point; is conic. TFor simplifving the analysis, locai
T coordinate systems, JXYZ are used for each segment of the conic

‘t; curve. The origin is set at the first control point of each seg-

.

:;ﬁ ment of the curve. 2 axis passes the first and the last control

.

'tﬁ points, X axis 1is perpendicular to the Z axis and the v axis is

N 50
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figure 2. P2rartiticn orf longitudinal loftincg curwe
and definition of local coordinate system.
l--data points; 2=--control points

in the same direction as Y_ axis (as shown in Figure 2).

R
In such process, the projection curve of a longitudinal

lofting curve is divided into N segments by the fixed contrcl

points to form a chain of conics. Nk is the same for each pro-
ection 2urve, while N may not be the same and N < (Nk+l)/2

Since the number oI the given data points is larger than the

ocundary conditions needed for solving the N conic functions, the

least sguare fitting of a chain of conic curves should be carried

out.

Assuming the equation for the j-th segment of the conic
curve on the loccal coordinate svstem is:
A+ B XZ+-C, X+ DZ+E:X+F;=0
Ci=1. 20 0 V)

Q

N . .- —~ - £ 5
ic curre £ass23 the first

'y

with the bouniary zconditions zhazt the con
and the last control points and the consecutive segments of the

coniz curve are tangent to each other at the joined control point,

)

aguation (1) can o> =

[

yam o~ AT o~
DR,

a.f =t ev 4 - VC=
=1, 2, e, ) (2)
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where the coef

ficients vj, 2. and e

data points in segment i f21. With larse amoun+te ¢ d4ata coints,
the following <wo =z13azicns Zan e 2zZtal-sd o L2:57 30uare fictinc
: A
N B W Taner =0
T . i3)
. = 2. 2, “y .\ )
and ,
) 4
— BT 5’-~(ﬁ—— )
(1
M1l 1
where ¢ = (. =9, :,, anid 5.  are defined in reisrence [2] to e
functions of a given data point. The coefficients Ci' A. and
Cj(j = 2, 3,...N) of the conic eguation (2) can be obtained by
solving the above two eguations. Let Al = 1, then the ecuaticns
for each conic segment are fixed.
For solving equations (3) and {(4), we have derived =h=
follcwinz diagonal matrix.
HoH.y Hyy P, -H..,
4 :nH:.x H-.‘ [_{;.3 | "‘3 l - ""ll
f‘uHu Hu) H4u Hus 0 i ' Al i | 0
HS"I HS:: Hn! HSN ‘L{i-s ' ".15 ’ 0 ’
.. . : = {3 )
H.-vl H-cz H—n) H.,‘ H-n( : 4."1 Q
0 hv.., H\-:,-AL{\.:.,I'{~._,‘f{s_ ‘e .'4.\.: )
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Analysis shows that the coefficient matrix of eguation (5) 1is
a symmetric matrix and the Aj (3 = 2, 3,...N) can be obtaineé from
the matrix. The other coefficient Cj of equation (2) can be

obtained from the following equation:

3
Ca=— L N b du..
—Sar— : 7)

So far, the analytic equations, with local coordinate svsten,
of each conic segment of the Zront view projection of the longitud-
inal lofting curve are obtained. Similar fitting of the top view
projection of the longitudinal lofting curve can ke carried out.
For the convenience in application, the conic equations under the
local coordinate system can be transformed to the conic equations

under the standard coordinate system.

However, 1f the fitted conic curve is a hyperbolic function,
the curve in such segments can be assumed to be a straight line
across two control points. That is

X=0 (8)

This assumption expanded the range of the least square fitting
of a chain of conics proposed by reference [2] and produces long-
itudinal lofting curves which contain straignt lines, break points

and interruption points.

The following conditions should be reminded in carrying out

the longitudinal curve fitting:

1. The distribution of the given data points should not be

over scattering. Nonlinear segments should nct be fitted as

L

hyperbolic curves.

A

2. There should not be too many control points. The number

i

L

Xas

should be less than 1/2 (Nk+3). T+ is preferable having more than
one data point to none between two adioining control roints.

However, there should not be infinite numbers of data coints

-] between two adjoining conic segments.
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3. It is favorable to have more data voints in the first ans
the second conic segments. Otherwise, the fitting mayv fail becauss

of poor accuracy in solving eguation (5).

In summary, a satisfactory fitted longitudinal curve recuirss
many modifications of the data points and large amounts of inform-
ation. However, keeping the above three rules in mind, the fitting
is cquite easy to obtain. The cross-seactional fitting can be carried

out when all the longitudinal lofting curves are obtained.

Assuming the coordinates of the characteristic point (YR,ZR)

on the cross-section at Xy are obtained by analyzing the longitud-
inal lofting curve, the cross-section can be found by fitting
the curves between two adjoining control points with circular arcs,
elliptic arcs and straight lines. Fitting with circular arcs or
elliptic arcs only is limited in application. As shown in Figure
3, for a typical cross-section, the slope at j = 4 is not contin-
uous and the slopes at the points j = 1, 6 and Nsare fixed (corres-
ponding to the top apex, the widest point and the bottom apex),
fitting with circular only cannot control the slopes at these
characteristic points and cannot preserve the shape and the smootin-
ness of the configuration. With elliptic fitting metheds [4], the
values of the slope at the characteristic points shculd be given

or a "control point" should be added between two adioining charac-

teristic points. This increases significantly the amount of data

and calculations. We have successfully solved this problem by

using the blended method which contains circular arcs, elliptic

arcs and straight lines.

T T

In our f£itting orocess, the coordinates and the horizontal

vy ®
o

information of the characteristic points are listed starting from

r

the top apex to the next point clockwise. Partiticn points ar=
set up at the inflection points. Each cross-section within the
same geometric section of the body should have the same numters
of characteristic noints, partition points and horizontal 1nforma-
tion. A geometric region is formed between two adjolning parti-

tion points and it contains several curve segments. The hybrid
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«nZ c.ended calculations are carried ou=

®Ts - “or

il

ach geometric regicn., As shown in

ts
b

3, the Zirst recion has three sex-

- -t

\ =
ments which are circular arcs, elliptic

arcs and straight lines. The second

region has -4 segments. Because oI the

N
4
rastriction of the sloves at 7 = 6 and

)

PO t= 1y ¢t (n

all segments are circular arcs

2 s’
except the N —l segment which is an ellip-
tic arc. he calculation of the curves o

tile segments follows the order, j = 1, 3,
2, 5, 4, 6, 7,..., Ns-l.

culation is determined by the position of

The order of ca

o

zartiltion points and the sloces at

1-

R =~2 characteristic points. Such informa-
Snenatils o Llatriam Lo
ne Ccross-secticn z1:>n can be =asily obtained from the char-
isting. . . . .

. . . 2 -
-- characteristic point acteristics of the body configuration.
-- separation noint

The eguation of elliptic fitting can be obtained from refer-

ence [4]. A local coordinats sv

gives twc coeificients in the elliptic eqguation. The ellizctic

tamr is used in this fitting whicz

equation can be obtained from the coordinates of the two end 2oints
0I tne sz2rnent 22 2 fitt2d and the slcpes at the twe sDoints or

the control coints.. We have transformed the elligtic eguation into
the relzarance c-ocrdinate system for the convenience of czalculation.

e coordinate system is used for the cilrcular arc
fitting. the position of the
with three bou
have been used in our c

s
the two =nd neints and s=he sleone 3% one of the end »noints, she

Two types of bcundary conditiosns

, one with given coordinates oI

2f three adiocining wvolints and the con-

center are determined

. s
ng the two circular arcs tanuent to each other. We have
iteration equatiosns of blending multinle circular arcs
original circles based an the apvove two tynes of
boundary conditicns.
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Rt Two-roint linear eguations are used for straight line fit+tinzy
'L‘ ~
3?2 The mathematical model of hybrid blended conics containing
3%# circular arcs, =21liztic arcs and straight lines, is simnle and
:% flexible in application. The model contains the pure circular
i{? arcs Zitting and the cure elliptic arcs fitting as special cases.
';{Z The model does not have the problem of incompatibility of two :
,*%' circular arcs or two elliptic arcs as that mentioned in reference
s []. However, many modifications of the information are needed o
?ﬁq cbtain a satisfactory horizontal fitting and to assure the smooth-
1?% ness oI the configuration. Calculation shows that proper values
;S of the slopes at the top apex, the widest point, the bottom apex
‘jﬁ and some other characteristic points on the cross-section can
L:ﬁ elfectively assure the smoothness of the surface configuration.
‘}i In addition, since the interaction between the longitudinal fitt-
‘ﬁé' ing and the horizontal fitting is weak, the configuration of the
ny three-dimensional body can be easily generated with a good fitting
:~ of the longitudinal lofting curves and a reasonable control of the /24
f‘ slopes at various zoints on the cross-section.
" , .
;J The current numerical model for generating the configuration
::{ of three-dimensional bodies has been applied in calculations of
*% the subsonic sgeed suarface elements. Wwith given informaticn of
é% the longitudinal and horizontal partiticns, the gecmetric character-
e istics oI the surfaces meshes of the body can be calculated. We
A have divided the perimeter of the body into segments of equal arc
:§ length and the longitudinal direction by cosinoidal partition or
-fi equal spaces. This method of partition can provide uniform meshes
i{ and reasonable distribution of meshes, which gives better accuracy
;i. in numerical calculations of aerodynamics.
I IIT. PROGRAM INTRCDUCTION
'-‘ .
? The program was written in Fortran using SIEMENS7.760 computer.
 £ It contains four major parts including information tr=atment, lona-

.
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’
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itudinal and horizontal mesh partition, calculation of the gec-

metric characteristics of the surface meshes and ccomputer plotting.
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It has 64 modules and 6517 statements.

The. user can ingut the limited informaticn and the geometric
data with the codes to form a data Zfile. With the RBR32000 overa-
tion system, the coefficients of the longitudinal and the horizon-

tal conic equations and the geometric characteristics of the

surface meshes can be gquickly calculated. The latter includes the -

coordinates of the mesh points, odd points and the center points
and parameters such as area, unit tangent vectors and unit normal
vectors. The calculated results can be used as data base for
aerodynamic calculations or other treatments. The interim results
and the final results can be output in broad lines and the three
orojective views ¢f the body, side view, longitudinal lofting
curves and diagrams ¢f cross-sections can be plotted using BENSON
model 1320 piotter. The program has the following major charscter-

istics:

1. The generality and the complexity of the three dimensicnal
body as well as the simplicity and the flexibilitv of inputting

data are considered in the program.

2. The program has considered the special characteristics
of the BS2000 ozeration system. The comobuter operation is simzle
with reasonable utilization of memory buffer, file management ard

comments. The srogram can also be used in 3SIEMENS7.738 computer.

3. The program has been designed with modules and is expand-

able and adaptable for future processing.
IV, EXAMPLES
Calculations »f various bodies, including rotating body, schem-

atic body, wing fuselage blended body and three types of real

fuselage models, were carried out to demonstrate the effectiveness

of our calculaticn technigue. Two =xamples are discussed as
follows:
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Figure 4 shows the longitudinal lofting curve fitting, which

Ao includes 3/4 order hyperbolic curves, straight segments and break
Rj- roints. The deviations of the fitted values are within 0.5% of
<. . .
f\j tne accurate values. More accuracy can be obtained with further
v adjustment. The figure shows also that the lofting curves contain-
) —‘- - . » I3 . .
o ing steps, straight line segments can be fitted accurately with
g:% proper selection of the control points.
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.;:_’_. . ) 29 23 4 Xa

s ‘
;x, Figure <. Longitudinal lofting curve fitting invelwving
’ﬁg straight segments and break points.
o 1--data points; 2--control points; 3--calculated points
o0
b
s . . . . . ; -
) The configuration C in reference [7] 1s a wing-fuselage /35
S blended body. The cross-sections are complicated and there are

) two vertical plates similar to abdominal fins at the tail. The

L%

a8 . . . . - R | . . - -
aﬁg preliminary result of fitting based on the three viaw drawing andg

o

-~ . . . . . . -

12 cross-sections given in reference [7] is shown in Figure 3.
Ch
-ﬁ It shows that both longitudinal and horizontal fittings are reason-

N able and the two vertical plates are also visualized.

aAdcditionally, we have fitted many wind tunnel models oI real

3
i ¥

podies including =zhree dimensional bedies with air intakes on both

-~

r

i Y Y I S

sides, at abdcminal region and at the nose. Satisfactory results

with good smocthness and contour are obtained. Fiagure 6 shows

e e o e
A

'l

WAt

the 3-D view and the 3 view drawing of the fuselage with two

sided air i1ntakes.
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The figures of the fuselage with two-sided air intakes men-
tioned above are all plotted by computer. These figures, lofting
curves and cross-sections can be used to check the guality of
the fitting. The appearance of concave and convex areas can be

2asily eliminatsd by adjusting small amounts of the input data.

V., CONCLUSION

Conic curve fitting technique is widely applied in CAD
because of its simplicity in mathematical definition and €flexibility
in various aspects. Our method of surface fitting of three-
dimensional bodies can gquickly generate the numerical mcdel of
the gecmetry of a complicated fuselage and the surface meshes for
aerodynamic calculations. The major characteristics of this

mehod are listed as Zollows.

1. This method is an integrated one-rcund model wihich can

cguickly generate the g20ometry. 1t can gecnerate ths confiizura

b
a
)
-
B
(@]
0
(1]
—

of more complicated podies than the "block" tyuve numer

does.
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Jigure 6. Fitting of fuselage with two-sided intax
{a) 3~D view {b) view drawing
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2. The least sguare Zitting of the longitudinal conic chain
o

has good adaptability. With proper selection of the control coints,
it can generate 1in one run the longitudinal lofting curves ccontainin
straight line segments, breax points or interruption points. The

shape of the body is well preserved without preprocessing of the
data.

3. The blended calculation of circular arcs, elliptic arcs
and straight lines of the cross-secticnal curves can easily gen-
erate the cross-sections oI a complicated body. The smoothness
and the convex configuration of the surface geometry can be easily

preserved with proper control of the slopes on the cross-sections.

4., The surZace mesh zartition along the verimeter is made
with egual arc length which provides uniform size and distribution
0of the meshes and increases the accuracv of the subsonic vertex

lattice method of calculation.

5. The program 1s simple in data set-up, convenience 1n
operation and expandable. The program after expansion can Dbe
applied in preliminary design of the aircraft and the finite

element analyses of the structure.

in

[£7]
o

6. The quality of the fitting can be checked visually u:

£

the computer plotter. It can also be used to make regional medi-
fications. The efficiency of fitting can be greatly improved by

calculating on a graphic terminal.

Having the above charactaristics, the method can be further

developed fcr using as 2 main graphic system sizing in CAD.

)
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A
N ABSTRACT
& The flow field 1n =he afterburner difiuser of
’ﬁt' a turboian engine 1is calculated by the SIMPLE numer-
}Q ical methecd. The results are compared well with the
CARE R _ .
X measured data. The effects of the parameter distri-
O bution oI the intaxe air flow on the flow field in
i *
- N - N . .
. the afterburner diffuser were studied. The flow
) ."; : . . . :
- field in tne afterburner diffuser under different
N flight conditions and different rotating speed on
- the station were calculated.

1. INTRCDUCTION

]
»
.

BO

The flow £i=2l1lZ in the aftarburner oI the turbofan engine 1is

-" ‘n
'jﬁ complicacted and 1s composed of both mixing and compressing grocessas.
i& Since the diffusar has a larger exzansion angle with a central cone,
f‘ the Ilow may sSevarate under certaln working ceonditicons. Zllioti-
' cal differential eguations are used to describe these tvoas oI

flow at steady state conditions. The SIMPLE method developed by
Patankar and others [l] 1is an effective tool to solve such differ-
ential eguations. However, this method usually has the difficulty
to 3et conv ncv. Ve have made a detailed analvsls on the oro-

cess and converaency oI the SIMPLE technigue and suggested a method

Lo lmprove the convergency 1n reference [2]. In this paper, we
nave used the SIMPLE methed t» solve the flow eld in the atfter-

Ay burner diffuser of the turbefan engine and studied the elfects

-."' ) ) ] . i ~ R . ) A
o DI the 1ntaks Z10w oarancerra on &noe [low fi21d and sn2 20fs0t o
S :

"~ - . . - - . . N R

I £light conditions on the [low Z121d 1n the diffuser.

¥
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II. MATHEMATICAL AXND PHYSICAL MODEL

Figure 1 shows the geometric structure of the afterburner
1ffuser with parallel intakes of a typical turbofan engine.

Both ends of the diffuser are circular tubes with a cone connectz=g
in between. There is a conic frustum at the center of the intake
end. The intake cross-section of the solution was at the bcttom :
edge of the annular confluent ring. The high temperature combustion
gas from the main combustion chamber flows through the inner pass
and the low temperature air flows through the outer passage. The
ratio of the outer flow rate to the inner flow rate is the bypass

ratio.

Assumptions for the calculations:

1. The combustion of the fuel is completed at high temperature
and no chemical reaction is considered. Radiation heat and work

done by viscosity are neglected.

2. The wall of the system is adiabatic and 1s nonpermeable /9

f or mass.

3. The temperature and the composition distributions of the

nd the inner flows at the inlet of the diffuser are homo-

O
t
(0]
ks
o

4, The flow field is axialsymmetric and no eddy flow.

Assuming the fuel in the main combustion chamber is C8H16 and
the ratio of fuel to air is g (less than the ratio of equivalent
mixing), using the mass fraction of the c--mbustion gas in the
inner passage, £, as a saramet-r £2r £he composition of the mixturs,
the mass Zfractions oI Oy H5y0, 0 and M, 1in the flow IZield can

be obtained by mass balance:
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With the above assumptions, the mass fraction of the comb
tion gas in the inner passage, £, and the normalized enthalcy Y4 =
.

. (h-hz)/(hl-hz) have the same control equations and the same kound-
. ary conditions, and £ = H at any point within the flow field.
" Therefore, the stationary enthalpy at each point within the flow

field 1is
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where hl and h, are ths nar:
—

and outer flow at the inlet of the diffuser respectively.
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re Considaring the influence of turbulence on the I.-w urocess,
S we have used the mathematical model with dual eguat.-: .- 7" turbu-
lence flow, which contains the turbulent eneray, X, and tne dissi-

3 pation of the turbulent energy -. The whole nroblem has Six
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eGuations, including axial velocity, radial velocity, continuity,

mass fraction of the composition f, the guantities of the turbulencs
Y

ESolet 2. The zenaral souation iz
s ) . A 1 AT B .
o r e T T ar - ar . "® =
The dZefinitions oI various parameters, svmbols :, - and S. are
shown in Table 1.
T.-3LE 1. Definition of parameters
! R - i Sa
Z -1’4 I'B 0 0 - o T
ER L N T
W @ u " _9er __2 Al . R
B ; ax ax(M ax) r 8'(\”‘ ax )
&4 ) _ T
PO v " ' S8h L9 qyQuy 1 QAN o
- dx( 5 T ar ('“ o .
Ygumne oy f u3 0 o
£ L ; )
HE T 2 —-,E G, -pe
¥ U T T T - T T T -
L. £ u/0, ! LI Gy - epe?

l--eguation; 2-~continuity equation; 3--axial momentum-
4--radial momentum; 3-~-composition mass fraction; 6--turbul-=nz
enerqgv; 7--kinetic energy dissipation -

The 1increase oI the Xinetic energy of the turbulence is

givzn o ~

- ' 24 - [ ' N ,' S =
(_;,:'J‘, ’7'. . -\ . - ~! -

T 5% or . S R R Te ax oot (7)

4

Neglacting the influence of the viscosity of laminar flow, the
effective viscosity is given by u =u,=0,09pk% e, . The values of

the constants in the equations are ¢,=0.09, 9,=1.0, 0,=1.3, ¢,=1.49, ¢,=1.92,
III. BCOUNDARY CONDITIONS

The number of grid points for the calculation is 27xZ28.
Since the profiles of the outer shell and the central cone are
broken lines or curves, we have replaced them with a group of
lines with small steps for convenience and left the nodes for

storing velocity on the step lines (Figure 1). The SIMPLE
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method for solving the equations and the technigue to obtain con-

vergency are reported in references {1] and [2].

The boundary conditions should be given for sclving the ellip-
tical partial differential equation. Under subsonic flow condition,

the downstr=am flow will affect the upstream flow. Therefore, the

boundary conditions at the inlet and outlet cannot be defined.
However, the influence of the downstream flow on the upstream
flow can be neglected if the cross-sections of the inlet and out-
let are selected at the points without backflow and the velocity
of the down flow is very large. On the cross-sections of such
inlet and outlet, local hyperbolic curves can be assumed. In our
calculation, the values and the profiles of the parametsrs on the
cross-section of the inlet are determined according to the owverall
design or by measuraement. The boundary conditions on the cross-

section ¢f the cutlet are not needed.

The transport coefficients change significantly near the

solid wall. Large amounts of nodes should b e carefully arranged

near the wall for more precise calculations of the parameters
which increase significantly the amount and the time of numerical
calculations. We have used the surface function [4] to determine

the boundary conditions at the wall. With the assumption of axial-

symmetry, %the radial velocity on the central axis i1s zero and the

radial derivations oI other parameters are zero.

IV. RESULTS OF CALCULATIONS

1. The effects of the parameters at the inlet on the results

0of calculation.

rh

-
the

@]

During design stage, the total £flow rate at the inlet

afterburner diffuser, bypass ratio and the temperatures of

1)
(9]

other
parameters of the inner and outer £lows can be obtained according

Th
(T

to the overall design. However, since the velocity profile o N2
flow and the magnitude of the turbulence energy at the inlet ar=
not available, we have first studied the effects of the velocity

67
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profiles and the turbulence energy at the inlet 22 the calcualasizn
of the flow field.

(1) The effect of inlet profiles of axial velocity componencts

on the flow field calculation

Figure 2 shows the effect of inlet profiles of axial velocity
components on velocity fields under the condition of a constant
flow rate, bypass ratio and inlet turbulence energy. The figure
shows the calculated velocity profiles on cross-~sections CM and
CM' based on three inlet profiles of axial velocity. The dash
line is the result with the assumption that the velocity profiles
of the inner and the outer flows are hyverbolic and there is no
backflow at the downstream side of the center cone. The dash and
dot line is the results having uniform distribution of the velocity
at the inlet and a small backflow region at the downstream side of
the center cone. Obviously, the results of both extreme cases
deviate greatly from the measured data. The solid lines in the
figure show the calculated results using the measured velocity
profile near the inlet cross-section (cross-section Z shown in
Figure 1) as the velocity at the inlet. The calculated results
are verv close to the measured data except those in the reaion

at downstream sicdes of the annular cenfluent ring.

The measured wvelocity profile at cross-section 2 (the figure
is not shown here) shows that the axial velocity profiles of the
inner and the outer flows are very close to uniform distribution.
However, the velocity of the inner passage flow in the region
near the center cone is significantly lower due to the effect of the
turbo wheel located upstr=2am and the possible lower velocity at the
base of the plades. Therefore, the assumption with a uniform or a

hyverbolic wvelocity profile at the inlet cannot provide satisfac-

tory results.
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gura 2. Effact of inlet profiles cof axial veloc.zy
mponant on the velocity field

The cause of deviation of the calculated results from the
experimental results in the downstream region of the annular con-
fluent ring is discussed in the following. The velocities were -
measured using a pitct tupe in the experiments, There are many limits
in using the pitot tube to measure the velocitw, such as that the
angle between the velocity and the pressure opening should not ze -
too big, the turbulznce intensity should not be too high, etc.

Calculations have shcwn that the angle between the dirzction of

A 13

the velocity and the pressure opening is over 7° and the turbulence

» s
[ APCP R
LA

intensity is over 30% in some regions at the downstream side cf

the annular confluent ring. Beer, 2t al. [5] indicates that the

[ g
»

error Of the measuresd velocity by the pltot tube 1s significantly
large when the turbulence intensity 1s lLarger than 203. Presently,
there 1s no reliablz2 method to make the ccrrection. Although the
distribution of the grids is not dense =2nough at the downstream
side of the annular confluent ring, the calculated trend 1is

reliable.

The effect of inlet profiles of axial velocity on the temger-

ature field is very small.
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(2) The effect of inlet turbulent energy on the calculatad

results.

O

Figure 3 shows the effect of the inlet turbulent energy on the
velocity field. Four velocity profiles calculated from four differ-
ent turbulent energies are shown in the figure. The values of the
four turbulent energies are

W R =000z

I
<

Lo R =0 003, &

I
>
>

S

..
i
“
o

uoo R,=).305uT,

R .
Nov 4 k.=0.008u°. k.=0.151",

where kl and k2 are the turbulent energies of the flows in the
inner passage and the outer passage, u is the average velocity

at the inlet of the diffuser. Keeping the turbulent energy of

the inner flow at 0.005 52, the change of the turbulent energy

of the outer flow has significant effect on the velocity profiles

at the downstream side after the center cone and the annular con-
fluent ring. Reducing the turbulent energy of flow in the outer
passage, the backflow region after the conic frustum increases

and extends significantly and the downstream velocity profiles ;
after the annular confluent ring become ncn-uniform. This is
because the zxtent of gas mixing decreases with decreasing turbulence
energy. Similar effects are obtained with reducing the turbulent .

energy of the inner passage flow.

2. - The calculated flow field in the diffuser at various

rotating speeds on the ground.

After studying the effect of the inlet parameters on the flow
field, we have found that the inlet parameters of the afterburner
diffuser of certain models of turbofan can be obtained by using
the experimental values for the axial velocity, letting the radial
velocity equal zero, using average valu= for the temperature of

the outer pa flow and 1.2° of the average energiss cf “he inner
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flows as the respective turbulent oner

and outer
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The dissipation ©of the inlet turbulent energy is given by the
following eqguation:

£ =0 a0 voan R

where R 1s the radius of the aiterburner.

Figur2 4 shows the velocity £ield calculated based on the

above inlet conditiosns and at rotating speeds of 0.97, 0.33 anad -
nt

al data are shown in the figur=e

B

0.37. The corrasponding experime
Zor comparison. It shows that t

ne calculated results are con-
sistent with the experimental results. However, some deviation

occurs at a low rotating speed since the turbulent energy is small.

B . . '
E‘- The calculated flow field is correct when proper inlet parameters /59
r @ )

g are given.

b

e

PE‘ The flow “ields at various rotating speeds show that tihe velo-

e . _ . .. e o

1 city profiles of the diffuser at different speeds are similar.

&

o However, the value of the velocity increases and the profile

K : , _ , .

o becomes sharper with increasing rotating speeds because the Iflow

bﬁf rate increases and the bypass ratio decreases with increasing

;i rotating speed.
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Tizure 4. Talocizy field at warious rotating sve- -
2 tne engilne.
_----tating speed; 2--calcalated value; 3J--experimenta. i&-.i
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Figure 5. Velocity fileld in variocus stac2s o

3. The <low “ield calculated at various states =1

The experimental data of the inlet profile of axial velocity

B3
»

"l‘ Pl dE AR

component of the diffuser under f£light conditions are not avail-

able. The ground tests at various speeds have shown that the
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P
= velocity profiles are similar at different rotating speeds and
n values of velocity. It can be assumed that the inlet profiles
1 . . . - . . . o . .
43‘ 0of axial velocity oI the diffuser are also similar during flight.
!
s The value of the inlet velocity profile depends on the flow rate
-
L and density. Other parameters can be determined similar to those
'f discussed in the previous pvaragraph.
[ ¢ .
o
& »
s
ey Figure 5 shows the calculated velocity fields at five differ-
ent states of flight. The vparameters corresponding tc the five
jﬁ states of flight are listed in Table 2. The figure shows that the
¥d
ﬂ@ velocity field depends mainlv on the bypass ratio at various
il . . .
ﬁh states of flight. At altitude of 15 km, M = 2.6 and bypass ratio
0% - . . \ .
‘ of 1.9578, the outlet velocity profiles are not uniform and the air
5 . . .
L flow in the outer pass has a peak. The velocity decreases rapidly
- . with the decrease of radius. Near the inlet of the diffuser, the
,{ flow separates at the surface of the center cone and a large region
of backflow is formed. The velocity field is more uniform at the
L7 altitude of 19 km, M = 2.0 and bypass ratio of 1.4368. A maximum
2 in the velocity profile of the inner flow appears when the bvpass
= ratio decreases continuously. Decreasing the bypass ratio, the .
Q) velocity in +the inner pass increases while the velocity in the
* - N .
f} outer rass decreases and the region of backflow behind the center
i) C
o cone diminishes zradually.
.)"_ )
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V. CONCLUSIONS

1. The calculated results are consistent with the experimen*zl
data except in the downstream region after the annular confluent
ring. The results indicate that our mathematical model is correct.
A new method of measurement of the flow field should be used to

further test the accuracy of our calculations.

2. Calculation shows that the flow field in the diffuser is
affected significantly by the profiles of the inlet parameters.
Therefore, a precise modeling of the inlet flow field is very

important to perform experiments on models or parts.

3. Numerical calculations accompanied with experimental
results can be used to study the flow field of the diffuser with
significant savings on manpower, material cost and the time of

research.
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W Abstract

S

v The development, application, communication protocol and

-

« ."

R~ system structure of an airborne data bus system are discussed in
e

H.

this paper with emphasis on the design of hardware, software and

T~
{: optical fiber transmission system of the bus controller and
g , , ,

Ty remote terminal. Some experiments and their results are also

' given in this paper.
n;

Fd

>
|§ Introduction
C Airborne, time-sharing mulitiplex transmission data bus was

)
;;2 first used in the early 1970's on such piloted aircraft as B-
): -
s 1011, a-702] ang £-1503] as well as on spacecraftl?l. a digital
Sy information system composed of the standard bus is widely used on
&= the spacecraft, aircraft, warships and tanks., With the computer
et

N
'i' as the centerpiece, the optic fiber transmission as its medium,

- the distributed digital avionic information system that :g

;ﬁ redundant, fault-tolerant has become the hallmark of a new

r

- generation of avicnic system stractures. The airborne data bus is
f! one of the central components, which has the following fields of
[ apoclication:
s

N
a“

- e
v
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1. To be used in the digital avionic information system,
DAIS[5'6*, in which a double redundancy data bus is used,
providing information transmission, control and display to meet
the requirements of various types of aircraft and flying
missions.

2. To be used in an aggressive-controlled technique CCV in
a statistically controlled placement, in which the CCV uses a
data bus  having triple redundancy (or quadruple redundancy) to
implement digital teletype/coptical transmission controls. ©On
spacecraft, a data bus having guadruple redundancy is used to
improve reliability of 1long duration flights.

3. To be used in a distributed computer composed of
microcomputers.

4, To be used as a component in the monitoring system
providing integrated telemetry remote control data and graphic
transmission,

5. To be used in the ground integrated hot benchi?r10] ip

an aeronautical, and astronautical electronic system.

5

~ist II. System Structure and Communication Protocol
Al

y“!" -

Lt

PN

:&_: 1. System Structure

Figure 1 shows the block diagram of the airborne data bus,
It comprises the bus controller, bus monitor unit, remote
terminal and the transmission network. The bus controller .
controls and supervises the entire work of the bus, while the bus

monitor unit monitors whether there is any fault in the




ﬁ;‘

Fiﬁ information transmission through the btus. The remote terminal
B o

¥ receives and responds to the commands and implements network

RS

Ej communication. The transmission medium is either an electrical
'35 transmission line or an optical fiber with a coding rate of 1
f% Mb/s.

.'F".

:fj 2. Control Mode of Information System

N

igﬂ This means nhow information is being dispatched and

L transmitted in the network. There are several modes which

E& include the time-sharing mode[ll'lzl, the instruction responding
e

- mode and the ballot-casting competition mode.
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@1 Figure 1., The Block Diagram of Airborne Data Bus

[y

l. bus controller (host computer)
2. bus controller (interface unit)
remcte terminal

.
w
.

RN
] Yt
LR L o A

b1

3

At

LY

l‘“

»

AT
.

a
s
o
1

a s .




. _ W

R

1@
Nat

MR AT NP

v v
(1
PRI}
.

-

\v..'.". o
s

by
Pt

v
i
v

-y
".

'
“ R

e e i

T Tw

w0 PR TR N T TR T e T T R TR T T TR

4, microcomputer

5. remote terminal

6. subsystem

7. bus monitor

8. remote terminal with subsystem
9. data bus

10, remote terminal

11, peripheral equipment
12, peripheral equipment
13, peripheral equipment
14, peripheral equipment
15, computer

16, computer built-in parallel bus

>N W

The most commonly used mode today is the instruction-
responding mode, in which there is only one master dispatch
terminal in the network. The rest are remote terminals.
Instruction is transmitted by the master dispatch terminal and is
responded to by other terminals to implement network

communications, system testing and real time duplication.

3, Forms of Network

The form of network affects the quality of communication,
response time, expandability, resistance against destruction,
etc. The form can be annular, star-shaped (radial), K-shaped and
others. The annular loop when broken becomes straight-line
shaped. The annular and linear forms are usually used for
electrical transmission lines while the star-shaped (radial) form

is more commonly used in optical fiber network.
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 $} 4, Types c¢f Code and Synchronization
Ay A
N}-
- Types of codes suitable for use with optical fiber channel
‘Zi include Frequency Shift Code (FSC), Frequency Shift Keying Code;
IS
o Modified Frequency Shift Keying Code (MFSK); Phase Shift Keying
-
y Code (PSK); Modified Phase Shift Reying Code (MPSK) and etc.[13],
e The code type for the bus is PSR, which is also known as
b
ljﬁ Manchester Code whose characteristic is that its line-transmitted
- coding signal direct current component is equal to zero (when
ft modulated by bipolar level and used in cable transmission) or the
i direct current level is of constant value (when modulated by
&,
i .‘ . . . I3 . .
F unipolar level and used in optical fiber transmission). Also
N included in the information stream of this coding is the
NN
f’l
I} information of bit synchronization.
o
Word synchronization: For short distance, multi-user
‘ii network communication, word synchronization should be as simple
'
‘.1‘
’%: as possible, pseudo-random code is not used in this case.
C} Instead, a positive pulse of 1.35,S and negative pulse of 1.5,8
L0
. are used to form the word synchronization code, which can play an
o~
‘jﬁ advance guiding role that can lead to the solution c¢f the problen
.
ié of initial phase ambiguity in the absolute phase modulaticn. The
.- problem of data transmission in the asynchronized network can te
R -_'_:
A_ﬁ better resolved with the aid of this synchronized code.
e
e
.':.‘: -~ .
y 5. Communication Protocoll15r16]
./'-
s The U.S. Military Specification MIL-STD-1553B for tu:
‘S
- standard prescribes communication protocol as follows: The
2,
: - is of the command-respenling —pe. Thera shouli be independon:
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- at the various terminals, the network operates on asynchronous

.t
f working mode, command is given by the bus controller and is

'% responded to by the terminal at the selected site. A time-

iﬁ sharing multiterminal half~-duplex communication is thus achieved.
4

' Information is transmitted through the bus as units of "message".
‘: By message is meant each command transmitted by the controller.

“

,E The terminal responds to the command, completing the transmission
'A

of one group of data and a set of status words. A message is

3 comprised of a certain number of words., There are three types of
<

f words: instruction word (dispatch signal), status word (shake-
(i hand signal) and data word. Figure 2 shows the structure of the
% words.
b $'
;j There are three types cf message formats: the data

; transmission type, mode control type and the broadcast

) C

! transmission type.

{ (1) Data Transmission Type: With this type of

h

@ transmission, it is possible to implement communication between
,3 the controller and the terminal and vice-versa, alsc between the
& terminals. The message format is shown in Figure 3.
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bps (bits per second)
instruction word
synchronization

data word

status word
synchronization
synchronization

terminal address
terminal address
transmitting/receiving
message 2rror
sub-address/mode

data

test point

service request

status code

data word count
broadcast instruction receiving
parity

busy mark

subsystem marking information
dynamic bus control
terminal characteristics
parity

parity




K a + ~ 4 g -3

e EvEvesxsman [ edFegzl----laaz o [azz
| —

oy S N T LY

. i1
™ 2. ﬁﬂﬁﬂﬂﬂﬁthﬁﬂq.us$lﬁnglua-__ B".’-‘

v

e E_Ll_mj lo a 1%
a0 L RiE T K] RS REmY(* (B , BF |-~ : :
o 3 - ST UEF LY R4 r- %4

H

T
o MEmX gL TEY
" . i o -
o B3 et (g s ETEWE S g~ e,
%~
el ]
1A
]
=
+ LN
s"
N

Figure 3. Message Format
s (Note: * indicates response time 4-12,s)

" . .

o l. controller to terminal transmission

iﬁf 2. terminal to controller transmission

L 3. terminal to terminal transmission

4, receiving instruction

N 5. transmitting instruction

N 6. receiving instruction
NN 7. message format: data-transmitting instruction
s 8. data word
o 9., status word
! 10, transmitting instruction

o 11. data word

v 12, data word

;:: 13. status word
oS 14. data word
hohe 15. data word
e 15, data word

(NDs 17. data word

'?gt 18. status word

:Kt 19. data word

g 20. status word
W

@1

-Q: (2) Mode Control Type: In this type, the mode command is

-, :

ﬁ& given by the bus controller, The working mode can be changed to

w ‘,‘
L-f achieve dynamic control of the bus, bus redundancy control, the
}ﬁ repetitive construction of the system real time and self-testing i
3
hald of terminals etc.
I
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;% (3) Broadcast Transmission Type: Broadcasting command is
; given by the bus. All terminals capable of receiving the

ﬂ? broadcast command can simultaneocusly receive the broadcasting |
LY

§ﬁ command and data, thus making message transmission faster and
]tf more effective.

g{ Foremost requirements of the protocol are that terminals

‘ﬁz must respond to the status words within 4-12ys and that they have

‘ to implement numercus modes of commands,
I

A

ES III. Design of System Hardware

.i The system hardware is comprised of the following: the bus

o
fﬁ{ control main processor MP, bus controller interface element BCIU,
'E% the remote terminal RT, the subsystem interface SSI, the optical
t; fiber communication system, etc. Our design philosophy is to
'KS make possible that the BCIU and RT could be interchangeably used,
e}; having intelligence, energy and interfaces for numerous l6-digit
%) microcomputers (8086, 9900, 28000) or 8-digit microcomputer !
?_:_, (8085, 280). |
\j 1. MP, BCIU and RT
? ; There is a dual-channel communication pool interface between

.
Eg the MP and the BCIU. MP transmits the bus control block to the
iig communication pool; informs the BCIU to fetch the information,

35 interprets it and executes accordingly; completes the bus

EE communication process and sends back to the MP the status words

;; and data via the communication pool, achieving the aggressive
;; working mode, improving bus communication efficiency.
.“: Figure 4 shows an intelligent terminal formed by 8086 or =

; 33
" "
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R 9900, the upper half is the RT while the lower is the SSI. There
- is a microprogram controller in the RT which performs sequential
bl control over the transmission/receiving of the terminal, senses
P and distinguishes the various modes of message transmission on

the basis of which to determine the different working sequences

“"h *:,
Allde - S5

of the terminal. The microprogram controller can also produce .

e,

{"’ a

self-checking sequence; implement self-testing of the terminal.

<.

2 ay

The intelligent terminal that includes a microprogram controller

90
{ﬁ will perform both as the RT and the BCIU. It can also carry out
ol a self-testing operation.
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‘.A) . Y .
1. microprogrammed contrcl unit

. 2. clock, beat

- 3, digit/switch sharing syster 1.
- 4. address code storage and feed
o 5. odd-complement
b 6. output feed and storage

® 7. transmitting controller
O 8. channel selection
T 9. status word formation
Wy 10. digit/switch sharing syoar
o) 11. address deccding
‘W 12. phase splitting

)

AN

~

-

LY

'-'

s

rl

”,

Q('

o

R, s Ll Ay ool e - e .
o Pa Y6 S _- Noatmate, S SGRNAY AL S RS .
LA Bl ’«.’- "« PO I NN N {‘l.i$.n-l.:‘l~:.i_’.‘?-:k".l.*k-\.‘A‘u,‘\‘.&..!‘! R AP S S e --J




13. data bus (16 lines)

14, extra advanced code

15. receiving controller

16. data buffer

17. data storage

18. D.A.C.

19, demultiplexer

20. executing mechanism

2l. synchronization control

22. producing interrupt signal

23. channel amplification

24, sensor

25, analog assignment subsystem
26. mark register

27. mark register

28. odd-check

29, producing gate controller signal
30. data buffer

31. A.D.C.

32. S/H

33. program-controlled gain amplifier
34, multiplexer

35, executing mechanism

36. analog assignment subsystem
37. self-checking control

38, receiving/transmitting control
39. optical (light) emitter

40. optical (light) emitter

41. receiving/transmitting control
42, control line

43, channel amplification

44, sensor-transducer

2. Optical Fiber Communication System

The optical fiber communication is provided with a high code -
rate that can reach as high as 1-1000 Mb/s, excellent
transmission quality with bit error rate less than 10'9-10‘12,
immunity against electromagnetic disturbance and nuclear
radiation and other features. It is the most promising means for
airborne data and picture transmission. The airborne optical
fiber communication network is a close-distance, multiport
network. Light emitting diode (LED) is chosen as the optical

transmitter and PIN as the optical receiver. An eight-port
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transmission-type double-cone coupler is used. The distance of
action between terminals is 200 meters, the bit error rate is
less than 1072, The key problems with the optical fiber network
are: a need to increase the number of ports of the Star coupler,
to reduce insertion loss and the non-uniformity of distribution
of the optical power to solve the problem of the gradual /61
drifting of the bus coding optical signal as responded to by the
optical receiver, and to reduce bit errors in the decoding
operation by using the instantaneous step-change type automatic

gain control, etc.

IV. Design of System Software

The software structure of the system is a three-level
functional distributed system; the main processor (MP) and the
bus control processor (BCP) are all of the vertically distributed
structure. The structural relationships between the BCP and
various terminals (RTCP) are horizontally distributed. The mcenitor
processor (MCP) is the exclusive fault-tolerant processor for
monitoring the systeh.

From the top to the bottom, the system is working on =he
master-slave synchronization mode. While from bottom ugp to the
top, the system works on asynchronous on-demand mode. The nain
processor operates on the time-sharing and phase-sharing zztar,

-

incorporating bus control phase and main processor phase. TIo

- - -
- & e

(6]

communication control process is executed in the bus ¢

T
D
ry
)
o

'

phase, while the process ¢f the various sequences ¢ ¢

the bus control phase is executed in the main procesceor (oo,
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'if The bus control block (BCB) transmitted from the main processor
v

- is interpreted and executed by the bus controller. The
implementation of communication, state monitoring, retrying of

errors, supervision of redundancy etc., are carried out in

K conformity with the MIL-STD-1553B specification. Synchronization
:ES is achieved between MP and BCP. 1In addition to implementing the

Ea conventional task of various nodes, RTCP receives commancs from
) the bus by the interrupt mode. It also transmits synchronous and

ﬁ asynchronous information as well as control of mode commands by
j;g the same mode.
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Figure 5. Data Structure of MP

Bus control block, BCB, is used for the communication
procedure between MP and BCP. 1In the BCB data structure there
are control obytes, receiving terminal address of the subsystem of
the receiving terminal, number of words/mode, address of the
transmitting terminal, address of the subsystem of the

transmitting terminal, data field, status words, BCB error marXk,

-
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A number of BCB linked lists, etc. At the beginning of each minor

9

' cycle, MC, MP transmits a batch of BCB subsets to the

:tfi communication pool, COMPL. The BCB subsets are concatenated

I

Ei' according to the sequence required by the communication

':_ operations. The BCB block is processed when starting BCP? on the

o

,%E interrupt mode by BCP. After BCB is processed in the minor

?fﬁ cycle, BCP returns to its background bus supervisor.

. l. System Software of MP

o .

NN

S (1) Figure 5 shows the data structure of MP system in which

Ay

d BCBB is the Bus Control Block Buffer zone

- _:.'
- TAT the Terminal Addressing frequency Table

.‘_'_J

a0 NAT subsystem Addressing frequency Table

7

, BCBC Bus Control Block Chain

A%

N BCBC' auxiliary Bus Control Block Chain ;
,3 s |
S MCR Mincr Cycle Register
@) MCC Minor Cycle Counter 1
{{: SPT System Parameter Table f

= EVT Event Table |

o X
e .
ii: (2) Programming Module: Table 1 chows leve!

\':‘:

e software system operation
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b Table 1 Level (Layer) Structure of MP Software
w
'.- T
s LAYER | FUNCTION | MODULE
Y ‘ é
:"":: ! { ]
. i 1st level:surface block forming; PTBG, PTG, PNG, PBF 2.:CG
L 0 layer, ‘ f
) i 2nd level BCB dispatch | QTS, QCG, QWP, QRP, QSC
’-t""'\). i l
n_:‘{ 1‘ i
[r % ! . : \
o 1st layer . MP Time-sharing .RBS, RMP, RPS
" Phase-sharing
oN ‘
S 2nd layer ' Command Execution ST T, START, STEP, STOP,
: ] ATTACH . DETACH, DISPLAY
AN 1SE
[ i l
) : }
o |‘ 1
[ N 3rd laver © Language Interface '
N : i
\-::'*,
.@2 Application Program
-
r,
0 layer; 1lst level: the module forming the system's basic data
s structure is called the surface block
AN forming layer such as TAT, NAT, table-
g filling modules, etc.
ﬁfi 0 layer; 2nd level: the dispatching level of BCB, such as TAT
@) scanning module, BCBC forming module,
< read/write COMPL module, etc.
2? Layer 1 (first layer) software: MP time-sharing, rvhase-shzrin:
RN control process, such as buz
i ispatching module, ¥P :trafi:ic
b i control module, etc.
Cii Layer 2 software: MP command implementing module laver. whe:x
B the system enters into the MP phase commarnd
o~ processing segment, the command displar
j system parameters can be used, the bus
e dispatch process executed once and a :cortzir
'y terminal connected or discennect=d, el
~ . . . . .
N Layer 2 sorftware: Interface layer of a still higher l=val
e language capatle of providing the spri: o
AL program with descriptive languace zrnd
. interpreter.
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2. BCP, RTCP Software

There are foreground and background jobs in BCP operations.
The foreground job interprets, executes BCB subsets within the
COMPL. The background job supervises, monitors the bus. BCP

v starts processing BCB during each minor cycle. It also transmits /63

bus instructions; transmits and receives data; predicates RTCP

E' status words; decides retrying provisions; and finally produces

o status words. Background job resumes when all BCB block

EE processing has been completed during the minor cycle.

:i RTCP acquires, controls and monitors data of the subsystems
controlled by RTCP, executing their respective processing

% programs NHR. The processing programs of tlie subsystems are all

i done through their respective control blocks and the common data

g communication band, DCB, implementing control over the controlled

i devices. RTCP produces interrupt signals soon after it receives

< bus command from BCP and rolls in bus service program BCR to

; implement bus communication., RTCP returns to acquisition and

;; monitor program when the tasks are completed.

"

h

N V. Conclusions

SS On-line testing of the system shows that the entire system

‘i is capable of implementing the airborne data bus communication

f protocol to accomplish the task of data communication. Except

N

E for the microcomputer which is introduced from abroad, all other

} components used in this system, including optical fiber

5 communication network are locally developed. Experimental use

% has shown the design is rational and correct. Further research
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on system structure, communication, large scale integrated

hardwares, system software as well as reliability of the system,

‘3ﬁ etc., are left to be done in the 1uture with a view to

 $§ ) implementing engineering application at an early date.
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